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17.1 Project Overview and Industrial Relevance

This project initiated in Fall 2015 and is supported by CANFSA. The research performed during this project will serve
as the basis for a Ph.D. thesis program for Sean Mills.

The high hardness, high compressive elastic strength, and good corrosion resistance of ternary Ni-Ti-Hf alloys makes
them optimum candidates for specialized bearing applications. In addition, aged Ni-Ti-Hf alloys exhibit superelastic
hysteresis curves under compressive loading, which results in a nearly doubled toughness compared to conventional
binary Ni-Ti (Figure 17.1). Conventional superelastic Ni-Ti alloys are known to experience high hardness and high
residual stresses upon rapid quenching, resulting in cracking and machining distortion, whereas secondary precipitates
can over-coarsen if cooled slowly, thereby reducing the material hardness. This project is designed to elucidate the
effects of hafnium additions on the structure and properties of Ni-Ti-Hf alloys, with an emphasis on bearing element
performance. It will be shown that hathium additions have a significant impact on the transformation kinetics, which
results in reduced residual stresses while retaining the high strengths and hardnesses that are desirable for bearing
applications.

This multimodal study will include rolling contact fatigue characterization, residual stress and hardness measurement
and time/temperature/transformation studies of selected Ni-Ti-Hf alloys. Alloy optimization will be conducted by
varying the nickel contents by 50.3 — 56.0 at. % and hafnium contents by 1.0 — 8.0 at. %. Figure 17.2 outlines the
optimized alloy design space of the project that shows varied nickel and hafnium contents. The sample compositions
that have been tested in rolling contact fatigue are investigated via transmission electron microscopy (TEM) are
highlighted in previous work [17.2] in addition to recent progress [17.3]. Likely outcomes to the study include further
understanding of rolling contact fatigue performance, failure mechanisms, performance (hardness, strength, lifetime
predictions) versus residual stresses, and a map of alloy design space to allow for optimization of Ni-Ti-Hf alloys for
tribology applications.

17.2 Previous Work
17.2.1. Rolling Contact Fatigue

It is known that for nickel-rich compositions of Ni-Ti, and also ternary Ni-Ti-Hf compositions with low amounts of
hafnium (~ 1 at. %), the NisTis phase may be used for precipitation hardening without compromising the high hardness
of the solid solution. In fact, the precipitates can also increase the hardness of the alloys. However, for Ni-Ti-Hf with
greater amounts of Hf (8 at. % or more), Hf and Ni rich “H-phase” precipitates form instead of NisTis and provide
even greater strengthening. Therefore, it is hypothesized that H-phase precipitation can also provide superior hardness,
resulting in superior wear performance in alloys under rolling contact fatigue (RCF) conditions. Testing of Ni-Ti-Hf
samples using a three ball-on-rod set-up is imperative to ensuring this hardening behavior improves the component
from an engineering standpoint.

A significant reduction in rolling contact fatigue performance has been observed in the Nis4TissHf1 alloy between 1.9
and 2.0 GPa. The brittle nature of spalling failures that are common in the specimens that failed at 2 GPa provide
insight to the dominant failure mechanisms under Hertzian contact conditions [1]. Specifically, it was speculated that
there must be a change in the uniaxial stress-strain behavior (for instance, the critical stress for martensite formation)
in the range of 1.9-2.0 GPa that can be related to rolling contact fatigue performance. Thus, uniaxial compression
testing on the same material as tested under RCF conditions was conducted to provide insight into the relationship
between the critical contact stresses under fatigue conditions and the distinctive features on the stress-strain curves.

17.2.2. TEM Characterization

NiTiHf alloys with target compositions of NissTi4a1Hf5 and Nis¢Ti36Hfs were made by induction-melting high-purity
elemental constituents using a graphite crucible and casting into a copper mold. The ingots were homogenized in
vacuum at 1050°C for 72 h and then extruded at 900°C at a 7:1 area reduction ratio. The extruded rods were sectioned
into samples that were initially solution annealed at 1050°C for 30 minutes and water quenched. Samples of each
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composition were then pre-aged at 300 °C for 12 h and air cooled, and finally aged a second time at 500 °C for 4 h
and air-cooled. To isolate the effect of pre-aging on the functional properties of Ni-Ti-Hf alloys, other test samples
were directly aged at 550°C for 4 h after the solution-anneal treatment (without pre-aging at 300°C for 12 h).
Conventional and high-resolution transmission electron microscopy (HR-TEM), bright-field transmission electron
microscopy and selected area electron diffraction microscopy of aged Ni-Ti-Hf samples was carried out using an FEI
Talos TEM (FEG, 200 kV). The TEM foils were prepared by electro-polishing in an electrolyte of 30% HNOs in
methanol (by volume) at around —35°C. To measure the average size and spacing of the H-phase and NisTi3
precipitates in addition to observing precipitate morphology, several HRTEM taken from various regions were
analyzed. A probe-corrected FEI Titan 1 was employed to take atomic resolution scanning transmission electron
microscopy (HR-STEM) images of some of the microstructures. Digital Micrograph was utilized to extract diffraction
information of the precipitates analyzed in the collected HRTEM and HR-STEM images.

Findings through these techniques indicate a significant change in microstructure and properties by adjustments in
composition and secondary thermal processing. The effect of Hf addition shows a direct change in preference from
one secondary precipitation type. In Fig. 17.3 Ni4Ti; readily forms after solution anneal and water quench and in Fig.
17.4 H-phase slowly begins to nucleate and grow. In the Nis¢TizcHfs alloy, preference for fine H-phase precipitation
resulted in higher toughness [2]. In the NissTi«1Hf5 alloy, preference for equiaxed NisTis precipitation resulted in
higher toughness [3,4]. The effect of secondary processing via multi-step heat treatments show a change in the
precipitates formed in a given sample. A two-step heat treatment of solution heat treatment and water quenching, and
then a secondary aging step at 550°C before air-cooling reveals only one precipitate type.

17.3 Recent Progress
17.3.1. Rolling Contact Fatigue of peak-aged NiTi and NiTiHf alloys

RCF testing was performed on 6 different alloys in their peak-aged conditions (Table 17.1.)and the contact stress vs.
cycles to failure for each alloy is presented in Fig. 17.5. The baseline NissTiss alloy (blue) was initially tested and
compared with the 1% generation Nis4TissHfi alloy (red), both of which exhibited failures at a threshold contact
stress level of ~1.9 GPa which is in alignment with their similar hardness (677 and 688 HV). Niso3Ti467Hf3 alloy has
the lowest Ni and Hf levels of the 2™ generation alloys and has comparable hardness (692 HV) with NissTiss and
Nis4TissHfi. This alloy performed well at more modest stress levels (~1.7 GPa) but, as with the baseline and 1%
generation alloys, it began experiencing failures at ~1.9 GPa. RCF performance evaluation of the high Ni and Hf
compositions (54-56 at. % Ni, 3-8 at. % Hf) was conducted for Nis4TissHf3, Nis¢Tia1Hf3, and Nis¢TizsHfs alloys and,
clearly their increased hardness (735-769 HV) results in a notable RCF performance. Although these compositions
began to fail at stress levels of 2.0-2.1 GPa, the Nis¢Ti36Hfs and Nis¢Tia1Hf; alloys still exhibited runouts at 2.1 GPa.
Furthermore, many of the tests on the very hard (above 700 HV) NiTiHf alloys still achieved long life-spans ~107
cycles at 2.1 GPa, even though they were not deemed runouts. This type of failure after extensive cyclic is a result of
high-cycle fatigue. Comparatively, the lower hardness alloys (below 700 HV) tended to fail well before this due to
overloading of the material. It is clear that hardness plays an important role in the longevity of RCF tests and that by
implementing novel peak-aging heat treatments oil-lubricated RCF performance is enhanced.

17.3.2. TEM Characterization of peak-aged NiTi and NiTiHf Alloys

Fig. 17.6. shows BF-TEM micrographs of 6 alloys at the peak-aged conditions (Table 17.1.) before deformation.
Binary NissTiss contains 51 % area fraction of nano-scale NisTis precipitates (31 + 6 nm) within B2 matrix (Fig.
17.6(a)) which is the most important precipitation hardening component in Ni-rich NiTi-based alloys [4,5]. The
baseline alloy also contains large (~1.3 pm) NisTi phase (detected by spot EDX in TEM mode) which typically form
on grain boundaries. TixNi(O) oxides (~800 nm) were also observed in this alloy. These phases are detrimental to
strength and fatigue performance [4—6]. The 1% generation NissTissHf alloy achieved a similar hardness to the
baseline alloy as well as similar RCF performance. The microstructure contains 54 % area fraction of nano-scale
NiaTis precipitates (27 £ 9 nm) within the matrix (Fig. 17.6(b)) which has not changed much compared to the
baseline alloy. Unlike the baseline alloy, however, the 1 at. % Hf addition prevented the formation of heterogeneous
NisTi phase after aging [2]. The peak-aged Niso.3Tiss.7Hf5 alloy shows a slightly higher hardness (692 HV) compared
with the baseline and 1% generation alloys. Despite the lower Ni content in this alloy, the slight increase in hardness
is attributed to dense precipitation (Fig. 17.6(c)) of 37 % area fraction of NisTi3 (25 £ 8 nm) precipitates and 22 %
area fraction of H-phase precipitates (32 + 13 nm (1), 14 + 5 nm (w)) with a low area fraction of B2 matrix (41 %)
compared with the baseline and 1% generation alloys.
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When the Ni content is increased in NisaTis3Hf3 alloy, both the hardness (735 HV) and RCF performance is
improved compared with the previous three alloys. It is clear from Fig. 17.6(d), this behavior is attributed to the
high density (67 %) of NisTis precipitates (74 + 11 nm). It is worth mentioning the change in NisTis morphology
from the common lens-shaped in binary NiTi alloys to equiaxed-shaped is related to reduced lattice mismatch
between the precipitates and the matrix [7] in the direction normal to the habit plane which results in growth in both
directions (normal and parallel to habit plane) [7-9]. When the Ni-content is increased in the Nis¢Tis1Hf; alloy (Fig.
17.6(e)), the hardness further increases to 752 HV and the RCF performance is improved (runout at 2.1 GPa). This
improvement is attributed to higher fraction (71 %) of equiaxed Ni4Tis precipitates (81 £ 15 nm). Moreover, low-
temperature pre-aging has shown to be more effective over conventional higher temperature heat treatments (400—
700°C) for the NissTi4sHfs and Nis¢Tisa1Hf3 alloys resulting in controlled NisTis precipitate growth [5,10]. The
NiseTizcHfs alloy (Fig. 17.6(f)) achieved the highest hardness and consequently showed the best RCF performance
of all examined alloys. Changes in Hf and Ni alloy content combined with 3-step aging treatment allows for a
unique microstructure containing 33 % area fraction of dense NiigTii1 (16 =5 nm (1), 11 £ 7 nm (w)) combined with
61 % area fraction of H-phase (23 + 5 nm (1), 12 £ 3 nm (w)) precipitates results in the lowest fraction of B2 matrix
(13 %) constraining this softer phase to narrow (5 nm) channels. The novel cubic structured Nii¢Ti11 precipitates has
been the focus of recent investigation by Mills et al. [11]. Moreover, the calculated hardness of Nii¢Ti11 is shown to
be higher than B2 and H-phase which explains the high alloy hardness and ideal properties for wear-resistant
bearing components. Additional contribution to the hardness in all of the alloys is connected to solid-solution
strengthening component from excess Ni and Hf atoms within the matrix [12]. Table 17.2 summarizes the statistical
measurements made for the 6 alloy microstructures, such as precipitate size (nm) and area fraction (%).

17.4 Plans for Next Reporting Period
Finalize deformation RCF paper manuscript, finalize PhD thesis, and defend Thesis October 28,
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17.6  Figures and Tables
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Figure 17.1: (a) 5-cycle compressive response of intermetallic NissTiss shows no super-elasticity [4]. (b) 5-cycle

compressive response of NisaTissHfi shows super-elasticity with little to no hysteresis [13]. As a result, nearly
doubled toughness in the ternary alloy compared to the binary alloy.

9 MNiso 3 Tiyy sHfy Nis, TigoHfy Nis, TisgHfy NiseTioHfy
o~ 8 B
St
<
NI
g 4 [Niso3Tige HE; Nig,TiggHE, Nis, Tiy3Hf; NiseTiy Hf
=] -
2 3
S L -
= Nig, Ti,sHf,
Ir NissTiys
0 1 1 1 1 1 . 1

50 51 52 55 56

.53 54
Nickel Content (at.%)
Baseline NiTi composition ’
15t gen NiTiHf composition ’

2nd gen NiTiHf compositions <>‘<>’<>‘

Figure 17.2: Target composition space of Ni-rich NiTiHf alloys developed for tribological applications which are
compared against NissTiss and NissTiasHfi baseline alloys.
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Figure 17.3: (a) Conventional BF-TEM micrograph of Nis¢Tis1Hf3 after solution annealing at 1050 °C for 0.5 h.
Corresponding SAED pattern in the bottom left inset taken along [111]s2 zone axis showing the super reflections
originated from two variants of NisTi3 precipitates. (b) HRTEM micrograph taken along ([111]g/ /[111]g,)
showing a monolithic NisTis precipitate within B2 matrix.

Grain Boundary |3

Figure 17.4: (a) BF-TEM micrograph of NissTissHfs after solution annealing at 1050 °C for 0.5 h. Corresponding
SAED pattern in the bottom left inset are taken along [111]s2 showing the weak super reflections originated from 3
different variants of H-phase precipitates along 1/3<011> (indicated by arrowheads). (b) HRTEM micrograph taken
along [111]s2 showing a small H-phase precipitate. The super reflections originated from the H-phase precipitate are
indicated by arrowheads in the FFT pattern.
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Figure 17.5: RCF test results of Ni-rich NiTiHf alloys at peak-aged conditions (Table 17.X) indicating Hertzian
contact stress (GPa) vs. cycles to failure (logio). Vertical dashed black line indicates runout condition where tests
that did not fail for the specific duration were manually shut off. Runout conditions are labeled to the right of the
line (arrows). Tests that failed prior to the runout condition are shown to the left of the dotted line.
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Figure 17.6: (a) Baseline NiTi alloy contains nano-scale NisTi3 and heterogeneous NisTi and Ti2Ni(O). (b) 1
generation NisaTiasHf: alloy containing nano-scale NisTis. (c) Niso3Tiss.7Hf; alloy containing nano-scale NisTis and
H-phase. (d) Nis4Tis3sHf; alloy containing equiaxed NisTis. (e) Nis¢Tia1Hf3 alloy containing equiaxed NisTis. (f)
NiseTi36Hfs alloy containing nano-scale Nii¢Ti11 and H-phase. Rare larger NiisTii islands are also present.
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Table 17.1: Hardness values of NiTi and NiTiHf alloys under peak-aged treatments

Fall 2019

Composition (at. %) Heat treatment Hardness (HV)
Nise Ti36Hf3 SAwq + 300°C (12 h) + 550°C (4 h) 769
NissTizgHfs SAwq + 300°C (12 h) + 550°C (4 h) 742
Nisy Tig0Hfs SAwq + 300°C (12 h) +400°C (4 h) 712

Niso3Tis1 7Hfg SAwq + 300°C (12 h) +400°C (4 h) 639
NiseTis Hfs SAwq + 300°C (12 h) 752
NissTissHf; SAwq +300°C (12 h) 735
Nis, TigsHfs SAwq + 300°C (12 h) +400°C (1.5 h) 705

Niso3Tis67Hf3 SAwq + 300°C (12 h) +400°C (1.5 h) 692
Niss TissHf; SAwq +400°C (.5 h) 677

NissTiss SAwa + 400°C (1 h) 688

Table 17.2: Statistical measurements of peak-aged NiTi and NiTiHf alloys

Composition NisTis size NigTis H-phase H-phase Ni6Tin NieTin
P (nm) fraction (%)  size (nm)  fraction (%) size (nm) fraction (%)
NissTiss 31+6 51 — —_ — __
NissTigsHfy 27+9 54 - —_ —— __
. . +
Niso3Tis6.7Hf3 25+8 37 3111_ 153(3))’ 22 —— -
NissTissHf3 74 + 11 67 - —— - __
NiseTis1 Hf3 81 +15 71 - S - __
o 23+£5(), 16 £5 (1),
NiseTiseHfs 1243 (w) 61 11+7 (w) 33
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